Introduction
The teeth are the most solid organs in humans, and their chemical composition consists mainly of crystalized calcium phosphate, hydroxyapatite. The anatomical structures of the teeth can be classified mainly into three parts: the enamel in the crown, the dental pulp in the center, and the dentin covering a large portion. The enamel and dentin include different percentages of mineral, organic matter, and water, respectively. Studies on these parts have generally been performed using morphological analysis methods such as electron microscopy. Morphological studies have revealed that enamel has a radial dense structure made up of rods called enamel rod. Dentin has also been analyzed, and a radial but sparse structure made up of so-called dentinal tubule was revealed. In medical practice, Roentgen diagnosis is helpful to identify the affected areas. However, the anatomical structures of teeth have been empirically determined with a few criteria, although each tooth structures must be distinguished precisely for good treatment.
Periodontal disease, which is classified by grade into gingivitis and periodontitis, is a major dental problem along with dental caries. Periodontal disease is inflammation of periodontal tissue. Periodontal tissue is made up of four kinds of tissues: alveolar bone, cementum surrounding the root surface of the teeth, the periodontal ligament that binds the cementum to alveolar bone, and gingiva. Approximately 80 % of individuals older than 30 years old are presumed to have some degree of periodontal disease. Gingivitis is inflammation only in the gingiva and is treatable; however, as gingivitis advances, the gingival sulcus deepens more and more and eventually performs a periodontal pocket. Periodontal diseasecausing bacteria form a biofilm [1] in this pocket to improve viability. In the next stage, the bacteria build a dental calculus that is more comfortable for bacteria. The inflammatory sites consecutively exposed to the endotoxin of these bacteria, finally, advance to the stage of periodontitis. In periodontitis, inflammatory effects are carried out against alveolar bone, cementum, and periodontal ligament by decomposing them. If periodontal disease reaches this stage, it is untreatable and leads to loss of teeth. To improve the prevention and treatment of periodontal disease, biological insights into the periodontal disease-causing bacteria must be studied well, as loss of alveolar bone will proceed as follows. Macrophages and lymphocytes in the blood flow are attracted to disease sites in response to the stimulation of periodontitis-causing bacteria, such as Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Bacteroides forsythus [2] . Then, the macrophages gathered around the periodontal pocket also secrete chemical mediators such as cytokines, and the mediators activate osteoclastic cells that decompose alveolar bone. Recently, these mediators are also considered to cause systemic illnesses, such as diabetes [3] , liver disease [4] , and cardiovascular disease [5] . Interestingly, periodontal diseasecausing bacteria cannot survive without the teeth and indeed are undetectable in individuals who have lost all their teeth [6] . Therefore, the tooth itself is thought to be fundamental to periodontal disease, and their makeup must be investigated.
Although periodontal disease does not heal naturally, and thus prevention and rapid treatment are required, it is difficult for patients to recognize periodontal disease because they cannot feel any pain or movement in their early stage. To improve the prevention, we must investigate the material aspects of the teeth and clarify the mechanisms underlying periodontal disease in order to identify biomarkers and choose appropriate target drugs.
Conventional components analysis of teeth requires pretreatment such as extraction or elution using acids those lead to the denaturing of the chemical composition, because the teeth themselves are too solid for use in modalities such as liquid chromatography. Imaging mass spectrometry (IMS) enables us to analyze the chemical composition in the raw, since IMS does not require any labeling, purification, separation, or extraction. As inflammation plays a key role in periodontitis, IMS is expected to be effective for investigating periodontitis. IMS has revealed the molecular background of inflammation and, thus, will also be a helpful tool for analyzing the anatomical structure of teeth.
Secondary ion mass spectrometry (SIMS) is one of the IMS methods developed in materials science and is good at analyzing solid materials such as metals and meteors. In studies on teeth, SIMS has frequently been used for analysis. Elements known to be present in small amount in the teeth, such as C, F, Na, Mg, Cl, K, and Sr, have been analyzed in human primary incisors using SIMS, and the results have shown that the thickness of enamel of the buccal part of a deciduous incisor is already matured up to 350∼400 μm in the 3 or 4 months after birth [7] . It is suggested by time-of-flight (TOF) SIMS analysis that phospholipids are included in the peritubular dentin fragment of cow dentin [8] . The recrystallization effect of chewing gum containing F and phosphoryl oligosaccharides of calcium (POs-Ca) in enamel was ascertained using TOF-SIMS [9] . SIMS has thus provided various insights about the teeth, but it can provide information only about small molecules.
Matrix-assisted laser desorption/ionization (MALDI) IMS is another technique and is used to visualize the distribution of molecules larger than those visualized with SIMS. This method has been shown to be effective in many studies. IMS analysis of knockout mice has revealed differences in the distribution of key molecules [10] . IMS is good at visualizing the distributions of various physiologically important molecules simultaneously. The distribution of neurotransmitters such as acetylcholine in the central nervous system [11] and the distribution of phospholipids such as phosphatidylcholine (PC) and sphingomyelin (SM) in the tongue have been analyzed in mice [12] . Both the distribution and the level of PC in spinal cord injury in rats have also been analyzed using IMS [13] . Recently, IMS has been used also for clinical studies. The analysis of varicose vein tissue revealed the accumulation of specific PC, SM, and lyso-phosphatidylcholine (LPC) as a consequence of inflammation [14] . With respect to teeth, the dental pulp was analyzed using MALDI-TOF MS to determine the composition of dental pulp in various animals, such as humans, dogs, cats, and so on [15] . However, the anatomical structure of the teeth has not yet been analyzed using MALDI-TOF IMS.
In this study, we analyzed the materials composition characteristic of each tooth structure using MALDI-TOF IMS. MALDI imaging is expected to catch even small amount of organic materials those characterize each anatomical structures of tooth. As the composition of such organic material is considered to reflect the effect of diseases, we tried to find out a trace of endotoxin such as fimbriae [16] or lipopolysaccharide (LPS) synthesized by periodontal disease-causing bacteria. Such endotoxins are believed to remain loosely adherent to the root surface [17] , but it is also considered that such endotoxins continue to infiltrate the root surface and assist in the regrowth of biofilm [18] . So it is important to reveal the differences in such organic material in order to improve the treatment and prevention. Our findings should help to inform the decision of how best to remove the biofilm and dental calculus in periodontal pockets.
Materials and methods

Sample collection
All procedures used in this study were approved by the Ethical Committee of Clinical Research of the Hamamatsu University School of Medicine. We enrolled six patients in this study. Three experimental teeth and three control ones were analyzed. Diagnosis was performed using a roentgen examination. A roentgen photograph was taken with MX-60 N, dental X-ray equipment, and X550 panorama X-rays equipment. The control teeth consisted of permanent one central incisor and two third molars with no periodontal disease sites were removed as part of the treatment for dental caries and for prosthetic reasons. The two permanent incisors and one molar were removed as part of the treatment for periodontal disease. The teeth with periodontal disease analyzed in this study satisfied the following criteria:
1. The attachment loss was more than 5 mm, i.e., the periodontal pocket depth was more than 5 mm.
2.
No treatments such as polishing, scaling, or planing to the root surface had been performed on either the periodontal disease or control teeth. 3. Neither caries sites nor restoration sites existed in the root part.
For all samples, the root parts were maintained during the extraction of teeth. All teeth were immediately frozen and stored at −20°C after washing with purified water.
Chemicals
Adhesive film (Cryofilm type IIC (10)) was purchased from Leica Microsystems (Tokyo, Japan). Indium-tin-oxide (ITO)-coated glass slides and 2,5-dihydroxybenzoic acid (DHB) were purchased from Bruker Daltonics (Bremen, Germany). Methanol was purchased from Kanto Chemical Company Inc. (Tokyo, Japan).
Preparation of sections
We employed the Kawamoto method [19, 20] to maintain the dental structure and molecular composition because this method requires neither fixation, nor decalcification, nor dehydration, which could lead to the denaturation of molecules. Teeth frozen at −20°C were attached to adhesive film and sliced at a thickness of 4 μm using a cryostat (CM 1950; Leica Microsystems, Wetzler, Germany). The sections were attached to an ITO-coated glass slide (Bruker Daltonics, Bremen, Germany) with electrically conducting doubleadhesive tape and dried at room temperature.
Matrix sublimation and imaging mass spectrometry A matrix layer was homogenously applied onto tooth sections on an ITO-coated glass slide using a matrix sublimation instrument (Shimadzu). Matrix sublimation was achieved by heating the matrix in the evacuated chamber [21] . Approximately 200 mg of DHB was placed in the tungsten boat at the bottom of the chamber. The pressure in the chamber was maintained at about 10-20 Pa, and the tungsten boat was heated to 170°C for 3 min. After the matrix sublimation, we performed IMS using a MALDI-TOF/TOF-type instrument (ultraflex II TOF/TOF; Bruker Daltonics, Bremen, Germany) equipped with a 355 nm Nd/YAG laser with a repetition rate of 200 Hz. The data were acquired with a step size of 150 μm for the samples in the positive ion mode (reflector mode + , m/z 1046.54) were used. The parameters were optimized to obtain mass spectra with m/z values in the range from 450 to 1,000. All spectra were acquired automatically using flexControl and flexImaging software (Bruker Daltonics).
Results
To elucidate molecular composition associated with anatomical structures of teeth, we measured normal teeth without dental caries and periodontal disease using IMS. An orthopantomograph depicting the overall oral environment of a patient is shown in Fig. 1a ; an enlarged image around the upper left third molar is also shown. These images demonstrate that there were no apparent abnormalities on the tooth, although a small cavity was found at a toothcrown part. For the treatment to improve the oral condition from the viewpoint in order to clean the mouth, this tooth was extracted. No periodontal disease sites, such as sites with absorption of alveolar bone, were found around the tooth in the roentgen photograph. The root surface of the tooth was clean without any contamination such as dental calculus or caries, as shown in Fig. 1b . Sectioning of the tooth was performed avoiding the small cavity portion, as shown in the scanned image of Fig. 1c ; a schematic of its anatomical structure is also shown. The difficulty in IMS measurement of the tooth arises during the sectioning, due to the tooth's solidity and brittleness. To section without any pretreatment, such as decalcification or dissolution, we used the Kawamoto method and optimized the thickness to 4 μm both for sectioning and measurement. We performed IMS upon this section and obtained MS spectra from each point of the surface. Experiments were performed three times in total upon teeth extracted from independent patients. The teeth consisted of one central incisor and two third molars, and all three teeth were in the same condition from the viewpoint of oral pathology. To analyze the MS spectrum in detail, we calculated the average spectra for each dental structure-i.e., the enamel, dentin, and dental pulp, as shown in Fig. 1c . The overall features and characteristic peaks were reproduced. In Fig. 1d , we show the average spectra calculated from the enamel region. The signals characteristic of enamel were m/z 559.0, 561.2, 583.4, 697.2, and 715.3. We also calculated average spectra in the dentin region, and the results are shown in Fig. 1e . The signals were distributed evenly in the m/z range, and the signals at m/z 551.4, 589.3, 832.0, 960.1, and 976.0 were specific to dentin. The average spectra calculated from dental pulp are shown in Fig. 1f . Most of the signals were found specifically between m/z 700 and 850, as shown in the enlarged region in the inset. We also found a dental pulpspecific signal at m/z 496.3, which is also shown as an inset. So, signals characteristic to dental pulp are m/z 496.3, 725.7, 780.5, 782.5, and 810.5, and these are subjected as phospholipids taking into account their region of distribution.
To confirm that the signals shown in Fig. 1d-f were really specific to the respective dental regions, we reconstructed ion images from these signals. 
e Averaged mass spectrum of dentin. f Averaged mass spectrum of dental pulp. Enlargements of characteristic peaks are shown as insets of the tooth and appeared specifically to enamel. Next, we visualized the signals characteristic of dentin, m/z 551.4, 589.3, 832.0, 960.1, and 976.0, and the results are shown in Fig. 2b . These signals also exhibited dentin-specific distribution. The images reconstructed from the signals at m/z 551.4 and 589.3 showed higher intensity around the root tip, while the other signals were distributed uniformly. The ion images reconstructed using the dental pulp-associated signals at m/z 496.3, 725.7, 780.5, 782.5, and 810.5 are shown in Fig. 2c . In the images reconstructed using m/z 725.7, 780.5, 782.5, and 810.5, the signals are found not only in the dental pulp region but also along the periphery of the root surface. As most signals between m/z 700 and 850 correspond to phospholipids, the membranous tissue of the root surface called the periodontal ligament was considered to be visualized simultaneously with dental pulp. In the dental pulp region, the signals at m/z 780.5, 782.5, and 810.5 were also remarkably high at the periphery. These peripheral structures were considered to reflect fibroblasts and undifferentiated mesenchymal cells [22] . The dental-structure-specific visualization was also reproduced using the other teeth.
Next, we compared the teeth from patients with periodontal disease to normal teeth to extract traces of periodontal disease. The overall oral environment of a patient is shown using the orthopantomograph in Fig. 3a . We analyzed the upper left second premolar using IMS, and its enlarged dental X-ray photograph is also shown. From the enlarged Roentgen photograph, the absorption of alveolar bone was clearly observed, and therefore this tooth was considered to have periodontal disease and was extracted in order to help prevent the aggravation of this disease in the oral environment. Dental calculus was found around the root surface of the tooth, as shown in the color image in Fig. 3b , and this was also another feature of periodontal disease that cannot be diagnosed only from a Roentgen image. A scanned image of a section of the tooth and a schematic of its anatomical structure are also shown in Fig. 3c . We performed IMS analysis of sections from a total of three teeth, a central incisor, lateral incisor, and premolar extracted from three different patients with periodontal disease at the same stage from the viewpoint of periodontology. MS spectra were obtained from each point of the surface. We obtained MS spectra from each part of the tooth shown in Fig. 3c . To compare the MS spectra with those of the normal teeth shown in Fig. 1d-f , we calculated average spectra corresponding to each anatomical structure shown in Fig. 3c . Overall features and characteristic peaks were reproduced. Signals presumed to be characteristic to enamel, m/z 559.0, 561.2, 583.4, 697.2, and 715.3, were reproducibly detected, as shown in Fig. 3d . Signals characteristic to dentin, m/z 551.4, 589.3, 832.0, 960.1, and 976.0, were also reproducibly found, as shown in Fig. 3e . Signals presumed to be characteristic to dental pulp, m/z 496.3, 725.7, 780.5, 782.5, and 810.5, were also detected, as shown in Fig. 3f ; enlargements of the region around m/z 500 and from 700 to 820 are also shown as insets. To investigate the spatial distribution of ions detected in IMS, ion images were reconstructed using signals characteristic to each anatomical structure shown in Fig. 1c . a Signals presumed to be characteristic of enamel, m/z 559.0, 561.2, 583.4, 697.2, and 715.3, were visualized using a pseudo color scale. These signals clearly exhibited a distribution similar to that for the enamel region shown in Fig. 1c . b Signals presumed to be characteristic to dentin, m/z 551.4, 589.3, 832.0, 960.1, and 976.0, were visualized using a pseudo color scale. These signals exhibited a distribution similar to the dentin region shown in Fig. 1c . m/z 551.4 and 589.3 showed higher intensity around the root tip, while the other signals were distributed uniformly. c Signals presumed to be characteristic to dental pulp, m/z 496.3, 725.7, 780.5, 782.5, and 810.5, were visualized using a pseudo color scale. These signals exhibited a distribution similar to that for the dental pulp region shown in Fig. 1c . Signals were also found along the periphery of the root, in the region called the periodontal ligament. In ion images reconstructed using the signals at m/z 780.5, 782.5, and 810.5, the signals were strongly localized at the periphery of the dental pulp Next, we compared ion images reconstructed using IMS data from the teeth of patients with periodontal disease. Ion images reconstructed using the signals at m/z 559.0, 561.2, 583.4, 697.2, and 715.3 are shown in Fig. 4a . These images clearly exhibit an enamel crown similar to the results shown in Fig. 2a . As the sites of periodontal disease were far from enamel, this result is reasonable. Signals presumed to be characteristic to dentin, m/z 551.4, 589.3, 832.0, 960.1, and 976.0, were also visualized using a pseudo color scale, and the results are shown in Fig. 4b . These ion images also reproduced the similar distribution in the dentin region shown in Fig. 2b . The higher intensity of m/z 551.4 and 589.3 around the root tip were also reproduced, while the others were distributed uniformly. Therefore, the periodontal disease seemed to have no effect on the dentin part. Ion images reconstructed using signals corresponding to dental pulp are shown in Fig. 4c . In these images, the signals were sparsely distributed in the dental pulp region compared to Fig. 2c , because the dental pulp decreased in size with increasing age of the subject [23] and the teeth with periodontal disease were extracted from patients approximately twice as old as the normal subjects. These results also showed a remarkable decrease in the periodontal ligament, and therefore, the decomposition of the periodontal ligament by periodontal disease was revealed using IMS. In contrast, we found that the signal at m/z 496.3 was strongly localized at the root surface below cervical line. Such an accumulation that cannot be examined only from mass spectrum was first revealed by utilization of IMS. We regard this signal to be LPC (16:0) based on our previous reports on mouse intestine [24] , injured areas on rat brain tissue sections [25] , and human varicose vein tissues [26] . As these sites Fig. 3 MS spectra obtained from the tooth of a patient with periodontal disease. a The overall oral environment of a patient is shown using an orthopantomograph; a dental Xray photograph around the upper left second premolar, which was analyzed using IMS was carried out, is also shown. In this Roentgen image, the absorption of alveolar bone, which is associated with periodontal disease, is clearly observed. b A color picture of the tooth also exhibits dental calculus to the root surface. c A section of the tooth is shown as a scanned image, and a schematic of its anatomical structure is also shown. IMS was carried out on the surface of this section. Average spectra corresponding to the enamel region (d), dentin (e), and dental pulp (f) are shown. The x axis represents m/z, and the y axis represents relative intensity were exposed to endotoxins such as fimbriae or LPS secreted by periodontal disease-causing bacteria from the initiation of the disease, the damages were expected to be accumulated in some manner, and therefore, this signal clearly reflects the effect of periodontal disease.
To analyze the localization of the signal at m/z 496.3 quantitatively, we compared the signal in the teeth of patients with periodontal disease and normal subjects using a statistical test and checked the significance of difference. The average signal intensities were compared using a bar graph as shown in Fig. 5a . The error bar represents the standard error of mean (SEM). The pvalue calculated using Welch's ttest was far less than 0.01, and therefore, the significance of the difference was confirmed, as shown by the asterisk in Fig. 5a . We also investigated the profile of the signal intensity at m/z 496.3 according to the distance from periodontal disease site. Averaging was performed along the vertical direction in the region surrounded by a white line in the inset pseudo color figure shown in Fig. 5b . The averaged signal intensity was plotted against the horizontal direction from dental pulp to the root surface as shown in Fig. 5b . The signal intensity clearly exhibited an exponential decrease according to the distance from the root surface corresponding to 1.35 mm.
Discussion
We first analyzed the molecular distribution in tooth sections using MALDI IMS. We found various signals specific to the anatomical structures of the tooth, i.e., the enamel, dentin, dental pulp, and periodontal ligament. From the dental pulp and periodontal ligament, many signals corresponding to phospholipids were found, such as m/z 496.3, 725.7, 780.5, 782.5, and 810.5. These signals were considered to reflect fibroblasts and undifferentiated mesenchymal cells in dental pulp and periodontal ligament based on their distribution pattern. As m/z 780.8, 782.9, and 810.7 were also detected as characteristic signals to hairy cell in organ of corti by IMS analysis [27] , and taking account that the hairy cells are known to be similar to odontoblasts [28] , which also sense mechanical stress at the periphery in dental pulp in the same manner, the odontoblasts in dental pulp were also expected to be detected in our present analysis. Fig. 4 Ion images reconstructed from IMS data of the tooth of a patient with periodontal disease. To investigate differences in spatial distribution between dental structure associated signals in the tooth of normal subject and a patient with periodontal disease, ion images were reconstructed using signals characteristic to each anatomical structure shown in Fig. 3d-f . a Signals characteristic to enamel, m/z 559.0, 561.2, 583.4, 697.2, and 715.3, were visualized using a pseudo color scale and appear clearly in the enamel region as shown in Fig. 3c . No effects of periodontal disease were observed. b Signals presumed to be characteristic to dentin, m/z 551.4, 589.3, 832.0, 960.1, and 976.0, were visualized using a pseudo color scale. These signals exhibit a distribution similar to that of the dentin region shown in Fig. 3c . m/z 551.4 and 589.3 show higher intensity around root tip while others distribute uniformly, and these features agree to the result of normal tooth shown in Fig. 2b . No affection from periodontal disease also could be found in these images. c Signals presumed to be characteristic to dental pulp, m/z 496.3, 725.7, 780.5, 782.5, and 810.5 were visualized using pseudo color scale. Compared with the result in normal tooth shown in Fig. 2c , signals corresponds to dental pulp are sparse because dental pulp decreased in size according to ageing. Signals correspond to periodontal ligament are also rare, and this is presumed to be caused by inflammation of periodontal disease. m/z 496.3 shows higher intensity at the root surface below cervical line, where had been exposed to endotoxin of periodontal disease-causing bacteria Signals found in the enamel and dentin were newly detected in this study, and no candidates are found in other databases, such as by a metabolite mass search (http:// www.hmdb.ca/spectra/ms/search). This is because these parts are almost entirely composed of minerals, and their large compounds have not been elucidated well in the raw.
Using this modality, we found traces of periodontal disease on tooth itself, for the first time, analyzing teeth from periodontal disease sites and compared them with normal ones. As these teeth had been at periodontal disease sites and had been exposed to the associated bacteria and endotoxins, we predicted that some kind of damage would be accumulated. Assuming that such an effect would be found around the root surface, we examined this regions and found decomposition of the periodontal ligament by bacteria, while the other dental structures showed no damage. We also found that the signal m/z 496.3, which was predicted to represent LPC (16:0), was strongly localized at the root surface below cervical line, which was exposed to the endotoxin from the initiation of periodontal disease. Average profile of signal intensity seems to reflect infiltration behavior along dentinal tubules.
LPC plays a key role in inflammation and is known to activate T lymphocytes. LPC is generated via phospholipase A(2) (PLA(2)) activation [25] to attract T lymphocytes at inflammation sites and induces advance and recurrences of inflammation [14] . So accumulation of LPC at periodontal disease site is thought to assist recurrence of periodontal disease.
Although conventional treatments such as scaling and root planing clean up the surface of teeth well, the periodontal disease-causing bacteria often come back and the disease recurs. We consider that this is because the LPC that infiltrates the tooth remains even after conventional treatment. It has been discussed whether the root surface must be removed or not because no damage by periodontal disease can be found in the tooth itself. In this study, we showed, for the first time, that LPC is accumulated at periodontal disease site. Furthermore, we also found profile of averaged intensity exhibited the influence has infiltrated deeply into the tooth. As this suggests that the influence of periodontal disease is not only inflammation in periodontal tissue but also infiltration of LPC to root surface. And therefore anti-inflammatory treatment is required in addition to the conventional treatment such as removal of contaminants. To improve diagnosis and treatment of periodontal disease more, understand of the mechanism in accumulation of LPC at periodontal disease site is required.
Conclusion
We have analyzed teeth visualizing the anatomical structureassociated molecules characteristic of enamel, dentin, and dental pulp, respectively, using IMS. The application of this modality in patients with periodontal disease revealed, for the first time, the loss of periodontal ligament and accumulation of LPC as traces of the disease. at the level of p<0.01 and represented using an asterisk. b The profile of the signal intensity at m/z 496.3 was averaged over the region surrounded by a white line along the vertical direction. The x axis represents the distance from dental pulp to the root surface, and the y axis represents relative intensity. Error bars represent the SEM
